A calcium-dependent protein kinase activity from suspension-cultured soybean cells (Glycine max L. Wayne) was shown to be dependent on calcium but not calmodulin. The concentrations of free calcium required for half-maximal histone H1 phosphorylation and autophosphorylation were similar (-2 micromolar). The protein kinase activity was stimulated 100-fold by >10 micromolar-free calcium. When exogenous soybean or bovine brain calmodulin was added in high concentration (1 micromolar) to the purified kinase, calcium-dependent and -independent activities were weakly stimulated (<2-fold). Bovine serum albumin had a similar effect on both activities. The kinase was separated from a small amount of contaminating calmodulin by sodium dodecyl sulfate polyacrylamide gel electrophoresis. After renaturation the protein kinase autophosphorylated and phosphorylated histone H 1 in a calcium-dependent manner.
A calcium-dependent protein kinase activity from suspension-cultured soybean cells (Glycine max L. Wayne) was shown to be dependent on calcium but not calmodulin. The concentrations of free calcium required for half-maximal histone H1 phosphorylation and autophosphorylation were similar (-2 micromolar). The protein kinase activity was stimulated 100-fold by >10 micromolar-free calcium. When exogenous soybean or bovine brain calmodulin was added in high concentration (1 micromolar) to the purified kinase, calcium-dependent and -independent activities were weakly stimulated (<2-fold). Bovine serum albumin had a similar effect on both activities. The kinase was separated from a small amount of contaminating calmodulin by sodium dodecyl sulfate polyacrylamide gel electrophoresis. After renaturation the protein kinase autophosphorylated and phosphorylated histone H 1 in a calcium-dependent manner.
Following electroblotting onto nitrocellulose, the kinase bound 45Ca2+ in the presence of KCI and MgCl2, which indicates that the kinase itself is a high-affinity calcium-binding protein. Also, the mobility of one of two kinase bands in SDS gels was dependent on the presence of calcium. Autophosphorylation of the calmodulin-free kinase was inhibited by the calmodulin-binding compound N-(6-aminohexyl)-5-chloro-I-naphthalene sulfonamide (W- 7) , showing that the inhibition of activity by W-7 is independent of calmodulin. These results show that soybean calciumdependent protein kinase represents a new class of protein kinase which requires calcium but not calmodulin for activity.
One of the ways in which Ca2" may play a second messenger role in plants is to activate protein kinases in response to stimuli such as growth regulators, light, or stress (5) . The receptor and transducer of the calcium signal could be the Ca2"-binding protein calmodulin or the protein kinase itself. There have been several reports ofcalcium/calmodulin-dependent protein kinases (1, 20, 21, 23, 25, 31) and calcium/phospholipid-dependent protein kinases (17, 26) in plants. Most of the evidence for calmodulin dependence has been indirect, i.e. based on inhibition studies with calmodulin antagonists and on activation studies with exogenous calmodulin performed with impure protein kinase preparations. None of these protein kinases has been purified to homogeneity and their interaction with calmodulin demonstrated.
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kinase from suspension-cultured soybean cells (22) . This CDPK2 was completely inhibited by 1 mM W-7, a calmodulin-binding compound, and was activated a slight amount (30%) by micromolar concentrations of calmodulin (22) (4) . Soybean cell calmodulin co-purified with CDPK through the first three chromatography steps. Calmodulin was separated from CDPK by chromatography on Cibacron Blue-Sepharose. Calmodulin did not bind to the resin and was recovered in the flow-through fractions. This calmodulin was -95% pure as shown by SDS-PAGE and was able to fully activate the calmodulin-dependent enzymes pea NAD kinase and human erythrocyte Ca2t-ATPase (data not shown).
Pea seedling NAD kinase was purified through the carboxymethyl cellulose step according to Harmon et al. (7) . Histone Geahlen et al. (6) was used to detect protein kinase autophosphorylation in SDS-polyacrylamide gels. The samples were heated to 80 to 90°C for 2 min in electrophoresis sample buffer (13) that contained SDS and 2-mercaptoethanol. The samples were electrophoresed as described (13) except that 0.1 mg/ml BSA was included in the separating gel before polymerization and the stacking gel was photopolymerized with 0.5 mg/L riboflavin as catalyst. After removal of the SDS with five changes of 50 mM Hepes (pH 7.2), the gel was cut into vertical strips, each containing CDPK and Mr markers. The strips were incubated in 50 ml Ca2+/EGTA buffer, 30 Mm [y-32PJATP (100-200 cpm/ pmol) and either no added calcium, 13 gM-free calcium, or 13 Mm-free calcium and 500 Mm W-7. The slices were washed and fixed as described by Geahlen et al. (6) .
For measurement of histone-phosphorylating activity, 5 ug CDPK was electrophoresed in each of two adjacent lanes in a 12.5% polyacrylamide gel as described for autophosphorylation above. The lanes were cut vertically with a cutter that left a scalloped edge on the gel. The protein in one of the gel strips was stained with Coomassie blue for 30 min, destained for 4h, then incubated in 50 mm Hepes (pH 7.2), for 30 min. Meanwhile, the protein in the other gel strip was renatured as described above for autophosphorylation. The paired strips were aligned by matching the scalloped edges and the portion of the gel corresponding to the 46 to 51 kD stained proteins was excised. A gel slice was prepared in this manner for each assay condition. The gel slices were added to 0.4 ml of protein kinase assay buffer in a 1.5 ml Eppendorf microfuge tube and the gel was crushed with a pestle (Kontes Scientific Glassware/Instruments). The tubes were inverted end-over-end for 3 h on a tube rotator (Scientific Equipment Products). An aliquot of the supernatant was removed, added to electrophoresis sample buffer, and subjected to SDS-PAGE. Phosphorylated histone H1 was detected by autoradiography. RESULTS Purity of CDPK. A CDPK which catalyzes the phosphorylation of the artificial substrate Histone HI was purified 1000-fold from suspension-cultured soybean cells as described in "Materials and Methods." CDPK was analyzed by SDS-PAGE to assess its purity (Fig. 1) . The heavily protein-stained band centered at Mr 48 kD in lane 2 was shown to be a doublet of Mrs = 46 and 50 kD when a lower amount of protein was loaded (lane 1) and in 10 to 15% gradient gels (Fig. 3A) . We show below that these bands possess calcium-dependent protein kinase activity. These bands represent 80% of the protein in the preparation as determined by scanning densitometry of the stained gel (data not shown). Other prominently-stained bands observed in CDPK (Fig. 1, lane 2) 83, 1987 Autophosphorylation was also stimulated by the addition of free calcium (Fig. 2B and Fig. 3 ). The Va,> was 10-fold higher with calcium than without. The relative activity in the absence of calcium was higher for autophosphorylation than for histone phosphorylation. The concentration ofcalcium (-2 Mm) required for stimulation of autophosphorylation was similar to that required for histone Hi phosphorylation (Fig. 2A) . The autoradiogram in Figure 3 shows that calcium promoted the incorporation of labeled phosphate into at least two protein bands in the 46 to 51 kD range. Other 32P-labeled bands at 41 and 32 kD were visible when the autoradiogram was overexposed (data not shown).
The 32P label associated with the protein bands of 46 to 51 kD was not diminished when, prior to electrophoresis, the autophosphorylated CDPK was successively precipitated with TCA, washed with acetone, and then treated with hydroxylamine (data not shown). These treatments destroy phosphohistidine and phospholysine, remove phospholipids, and destroy acylphosphate, respectively. This observation indicates that the phosphorylated residue(s) is serine, threonine, or tyrosine.
Effect experiments. The effect of bovine brain calmodulin on activity in the presence of calcium was similar to the effect of soybean calmodulin (Table I ). The effect of calmodulin on CDPK activity appears to be nonspecific, since such high concentrations were required for activation and since both basal and Ca2"-stimulated activities were affected. Furthermore, when 1.5 ;iM BSA was added to the protein kinase assay in the second experiment in Table I it also stimulated protein kinase activity in the presence and absence of calcium.
CALCIUM-DEPENDENT, CALMODULIN-INDEPENDENT PROTEIN KINASE
Calmodulin-Independence of CDPK Autophosphorylation and Activity. To directly demonstrate that CDPK autophosphorylation and activity were independent of calmodulin, CDPK was separated from calmodulin by electrophoresis in SDS gels, renatured, and either autophosphorylated in the gel or excised from the gel and incubated with the standard protein kinase assay mixture. Figure 4A shows the results of autophosphorylation of CDPK following SDS-PAGE. The proteins ranging in Mr from 46 to 51 kD were not resolved in this 10% polyacrylamide gel and migrated as a single band of Mr = 49 Md. Labeled phosphate was incorporated into these proteins in a calciumdependent manner. To show that the labeling with 32P was covalent and not nonspecific, the bands were excised from the dried gel, incubated in electrophoresis sample buffer, and electrophoresed on a second SDS gel. The bands were again detected by autoradiography (data not shown).
To further examine which of the protein bands had autophosphorylated, CDPK was electrophoresed in a 10 to 15% SDSgredient gel and then autophosphorylated in the gel (Fig. 4B) . Comparison ofthe two bands that were autophosphorylated after SDS-PAGE (Fig. 4B) to the bands that were autophosphorylated when CDPK was incubated with [y-32PJATP prior to electrophoresis (Fig. 3B) shows that the same two bands were labeled in both cases.
The 46 to 51 kD proteins renatured following SDS-PAGE were capable of phosphorylating histone H 1 in addition to autophosphorylating. When the renatured 46 to 51 kD proteins were excised in a single slice from an SDS gel, and incubated in the standard protein kinase assay mixture, they catalyzed the phosphorylation of histone H 1 in a calcium-dependent manner (Fig. 5) kinase activity in the presence of up to 10 ng/ml soybean calmodulin. The activity of CDPK was slightly inhibited (10%) in the presence of calcium and inhibited 50% in the absence of calcium, whereas nonimmune IgG slightly stimulated activity. The addition of up to 1 Mg/ml soybean calmodulin to the preincubation mixture in the presence of calcium did not restore activity (CP-Evans, AC Harmon, MJ Cormier, unpublished observations).
Ca2"-Binding Activity of CDPK. CDPK and other proteins which had been electroblotted onto nitrocellulose following SDS-PAGE were incubated with 45Ca2" (Fig. 6) Ca2" or 2 mm EGTA, different mobilities were observed for one of the Coomassie blue-stained bands (Fig. 7) . The mobility of this band was greater in the presence of Ca2+ (Mr = 43 kD, Lane 2) than in the absence of Ca2" (Mr = 46 kD, lane 3). The mobility of the 50 kD band was unaffected.
Calmodulin-Independence of the Inhibition of CDPK Autophosphorylation and Histone Hl-Phosphorylating Activity by W-7 and W-5. The naphthalene sulfonamide W-7, which is a calmodulin-binding compound, and its less potent analog W-5 were both able to inhibit the phosphorylation of histone HI by CDPK (Fig. 8) . The concentrations of W-7 and W-5 required for 50% inhibition were 110 Mm and 1 mM, respectively. W-7 also inhibited autophosphorylation of CDPK which had been separated from calmodulin by electrophoresis in an SDS-polyacrylamide gel (Fig. 4A, +Ca2+ +W-7) . In the presence of calcium and 500 ,uM W-7 the incorporation of labeled phosphate was comparable to the labeling in the absence of calcium (Fig. 4A, -Ca2"). This indicates that W-7 inhibits enzyme activity by interacting directly with the enzyme and not with calmodulin.
DISCUSSION
The protein bands on one-dimensional SDS-polyacrylamide gels that are associated with soybean calcium-dependent protein kinase have been identified. At least two bands in the Mr = 46 to 51 kD range were shown to autophosphorylate (Fig. 4) and to phosphorylate histone H 1 (Fig. 5) in a calcium-dependent manner following SDS-PAGE. Several other bands in the CDPK preparation incorporated 32P04 when CDPK was incubated with [,y-32P]ATP prior to SDS-PAGE (Fig. 3) . These results indicate that catalytic activity is associated with the 46 to 51 kD proteins and that the other proteins are either contaminants or noncatalytic subunits ofCDPK that can serve as substrates ofthe enzyme. Both the autophosphorylation and histone H1 phosphorylation were stimulated by concentrations of free calcium in the 1 to 10 jM range (Fig. 2) . Although calmodulin-dependent enzymes are also activated by concentrations of free calcium in this range, calmodulin does not confer calcium sensitivity to CDPK. CDPK activity was slightly inhibited by anticalmodulin, but the inhibition was not relieved by the addition of calmodulin (data not shown). CDPK, which had been separated from calmodulin by SDS-PAGE, autophosphorylated in a calcium-dependent manner (Fig. 4) , phosphorylated histone H1 in a calcium-dependent manner (Fig. 5) and bound 45Ca2+ when incubated in a buffer which contained 60 mM KC1, 5 mM MgCl2, and micromolar levels of Ca2+ (Fig. 6 ). These data show that CDPK specifically binds calcium, and that calcium directly regulates autophosphorylation as well as the phosphorylation of histone H 1. Our results also indicate that phospholipids are not required for the activity of CDPK, because the purified enzyme is active without the addition of phospholipids and any contaminating phospholipids would also be removed from CDPK by SDS-PAGE.
Calmodulin co-purifies with CDPK through DEAE chromatography and TAPP-sepharose chromatography (22) . CDPK, like calmodulin, is a high affinity Ca2+-binding protein (Fig. 6 ) and interacts with W-7 (Fig. 4) . Also, the mobility of one of the two CDPK bands in SDS-PAGE was calcium dependent (Fig. 7) , as is the mobility of calmodulin (3). These results suggest that the 4 two proteins co-purify because the proteins have similar biochemical properties and not because they are bound to each other. Calmodulin is thought to bind to phenothiazines and naphthalene sulfonamides at a hydrophobic binding site which is exposed when it binds calcium. CDPK binds to TAPP sepharose in the presence of calcium and is eluted from the resin when calcium is removed by EGTA (22) . This implies that CDPK also has a hydrophobic binding site that is exposed in the presence of calcium.
Some reports identifying plant calmodulin-dependent protein kinases were based in part on the observation that micromolar levels of calmodulin stimulate protein kinase activity 1.5-to 6-fold (18, 20, 25, 32) . Blowers et al. (1) showed that autophosphorylation of a protein kinase, which had been isolated from pea membranes by electroblotting, was stimulated by the addition of calcium and calmodulin, but they did not show the effect of calmodulin alone. Our results indicate that such observations could be misleading. We have shown that histone H 1-phosphorylating activity from all stages of CDPK purification (Table I; Refs. 5, 22) was stimulated a small amount (30-100%) by the addition of micromolar calmodulin regardless of how much endogenous calmodulin is present. Also, CDPK activity was stimulated 75% by micromolar BSA (Table I) . Both BSA and calmodulin increased activity in the presence and absence of calcium. These results suggest that the stimulation of CDPK activity by calmodulin is nonspecific.
Another observation that has been relied upon to identify plant calmodulin-dependent protein kinases is the inhibition of protein kinase activity by calmodulin antagonists (18, 20, 25, 32) . Our results indicate that these observations could also be misleading since the inhibition of CDPK by the naphthalene sulfonamide W-7 was independent of calmodulin (Fig. 4) . W-5, an analog of W-7 that is similar in lipophilicity to W-7 but has lower affinity for calmodulin than W-7 (1 1), had a higher IC50 than W-7 (Fig. 8) . (31) . However, the possibilty that the observed 32P-labeling was due to the incorporation of phosphate into tonoplast membrane ATPase reaction intermediates, rather than to the action of protein kinases, was not eliminated.
Ranjeva et al. (23) have deduced, without the use of calmodulin inhibitors, that quinate:NAD' 3-oxidoreductase from carrot cell cultures is phosphorylated in a calcium-and calmodulindependent manner. That the activity of the quinate:NAD ' 3- oxidoreductase is apparently regulated by a phosphorylation/ dephosphorylation mechanism was indicated by the following observations (23, 24 
